The diagnosis of the genetic etiology of deafness contributes to the clinical management of patients. We performed the following four genetic tests in three stages for 52 consecutive deafness subjects in one facility. We used the Invader assay for 46 mutations in 13 genes and Sanger sequencing for the GJB2 gene or SLC26A4 gene in the first-stage test, the TaqMan genotyping assay in the second-stage test and targeted exon sequencing using massively parallel DNA sequencing in the thirdstage test. Overall, we identified the genetic cause in 40% (21/52) of patients. The diagnostic rates of autosomal dominant, autosomal recessive and sporadic cases were 50%, 60% and 34%, respectively. When the sporadic cases with congenital and severe hearing loss were selected, the diagnostic rate rose to 48%. The combination approach using these genetic tests appears to be useful as a diagnostic tool for deafness patients. We recommended that genetic testing for the screening of common mutations in deafness genes using the Invader assay or TaqMan genotyping assay be performed as the initial evaluation. For the remaining undiagnosed cases, targeted exon sequencing using massively parallel DNA sequencing is clinically and economically beneficial.
INTRODUCTION
Congenital hearing loss is a common sensory disorder, affecting approximately one per 1000 live births. Genetic factors are the most common etiology of congenital sensorineural hearing loss (SNHL), which comprises at least 50% of all cases of SNHL. Approximately 70% of cases of hereditary SNHL are non-syndromic, with the remaining 30% being syndromic. 1 With regard to non-syndromic hearing loss, 75-80% of cases are inherited in an autosomal recessive (AR) pattern, 20-25% are inherited in an autosomal dominant (AD) pattern and 1-1.5% are inherited in an X-linked pattern. 1 However, SNHL exhibits extremely heterogeneous disease traits. More than 140 loci have been mapped and over 80 genes have been reported to be responsible for hereditary non-syndromic hearing loss (Hereditary Hearing loss Homepage, http://hereditaryhearingloss.org/). Genetic testing has the potential to allow accurate diagnosis of SNHL, and the diagnosis of the genetic etiology contributes to the clinical management of patients, including the selection of the most appropriate treatment. For example, early therapeutic interventions for associated symptoms including diabetes mellitus or visual impairment can be performed. Further, we can predict the type of hearing loss and its progressiveness, and choose the appropriate mode of intervention from among hearing aids, electric acoustic stimulation and cochlear implantation.
In Japan, genetic testing for 46 known mutations in 13 common deafness genes using Invader assay technology became clinically available as a molecular diagnostic tool from April 2012. The cost of this genetic testing is fully covered by public health insurance, after approval from the Ministry of Health, Labor and Welfare. This genetic testing panel can analyze known single-nucleotide variants or small deletions that are commonly found in Japanese SNHL patients, as established from the results of several studies. [2] [3] [4] [5] A previous study reported that the Invader assay for screening 46 known mutations in 13 deafness genes was able to identify the causative single-nucleotide variants in 28.0% (74/264) of Japanese deafness patients. 6 To increase the diagnostic rate, we speculated that the addition of other genetic tests was required.
In this study, we evaluated consecutive patients who underwent genetic testing for SNHL in Yokohama City University Hospital and Yokohama City University Medical Center. To improve the diagnostic rate while giving appropriate consideration to the cost of testing, we performed the following four genetic tests in three stages: (1) the Invader assay that we applied to the screening of 46 known mutations in 13 deafness genes and Sanger sequencing for the GJB2 gene or SLC26A4 gene; (2) the TaqMan genotyping assay that we applied to the test of screening of 55 known mutations in 6 deafness genes; and (3) targeted exon sequencing using massively parallel DNA sequencing (MPS) for the testing of the sequence of 63 known deafness genes.
The goals of this study were to elucidate (1) the utility of the genetic tests performed in one facility for consecutive patients during the study period; (2) the possibility of integrating several methods of genetic testing, sequentially performed, into a routine genetic testing program; and (3) the differences in the clinical presentations of diagnosed and undiagnosed cases.
SUBJECTS AND METHODS Subjects
We recruited 59 consecutive Japanese subjects with SNHL who visited two hospitals (Yokohama City University Hospital and Yokohama City University Medical Center) between July 2012 and November 2014. The patients who visited Yokohama City University Medical Center were referred to Yokohama City University Hospital for genetic testing. Basically, all subjects presenting with bilateral SNHL were included. The exclusion criteria were cases with chromosomal abnormalities, such as a 21 trisomy, and cases with SNHL caused by middle ear disease or ear surgery. All subjects were unrelated and from non-consanguineous families. For each proband and their family members, informed written consent was obtained to participate in this study, which was approved by the Human Subjects Ethical Committee of Yokohama City University.
Among the 59 recruited cases, 5 cases of 21 trisomy and 1 case of Kabuki make-up syndrome were excluded from this study. One additional case refused to undergo genetic testing, so that 52 cases were enrolled in this study. Twenty patients were male and 32 were female. Fifty-one patients were Japanese, and one was half Filipino and half Japanese. The age at the time of enrollment ranged from 0 to 76 years (median: 4 years). The age of onset was between 0 and 66 years (median: 0). As shown in Table 1 , 32 cases (62%) had congenital SNHL, with hearing loss detected by newborn hearing screening at birth in 27 cases. The other five cases were referred to our hospital with suspected hearing loss, even though newborn hearing screening was not performed, and were diagnosed with congenital SNHL based on their general condition. With regard to the mode of inheritance, 12 cases were AD inheritance, 5 were AR inheritance and 35 were sporadic cases. Forty-four cases had symmetric hearing loss, and eight cases had asymmetric SNHL with a 410 dB difference in right-left laterality.
Four of the 54 patients presented with various physical complications. One case had retinitis pigmentosa associated with Usher syndrome, one case had decolorization of the iris pigment associated with Waardenburg syndrome, one case had palmoplantar keratoderma associated with syndromic SNHL caused by GJB2 mutations and one case had bilateral aural fistulas associated with branchio-oto-renal syndrome (BOR syndrome).
Clinical information and blood samples were obtained from each proband and from all consenting affected and unaffected relatives. The following data were collected. (1) Pure-tone audiograms, behavioral audiometry or auditory brainstem responses. (2) Medical history including the age of onset, defined as when patients noticed or were diagnosed with hearing loss, and complications. Inheritance was classified as AD, hearing loss passed down through families; AR, affecting siblings; or sporadic, no family history of hearing loss. (3) Temporal bone imaging (computed tomography and/or magnetic resonance) was undertaken where applicable.
Age of onset was divided into three categories: congenital, SNHL was detected by newborn hearing loss screening or was strongly suspected to be present at birth; childhood, SNHL was diagnosed before 17 years of age and was not categorized as congenital; and adult, SNHL was diagnosed after 18 years of age. Pure-tone audiograms and/or auditory brainstem responses were used to confirm the degree and progression of SNHL. Hearing levels were Efficacy of genetic testing in the deafness N Sakuma et al classified based on the better hearing ear as: normal, o20 dB; mild hearing loss, 21-40 dB; moderate hearing loss, 41-70 dB; severe hearing loss, 71-95 dB; and profound hearing loss, 495 dB. Differences in hearing thresholds of less than 10 dB are commonly observed as a result of imprecisions in audiometry. 7 We, therefore, defined asymmetric SNHL as an average difference of over 10 dB in hearing thresholds between ears (measured at 0.5, 1, 2 and 4 kHz).
Methods
As shown in Figure 1 , this study consisted of a three-stage genetic testing program.
First-stage testing: the Invader assay and Sanger sequencing for GJB2 and SLC26A4
The Invader assay was applied to all patients enrolled in this study for the screening of 46 known mutations in 13 known deafness genes. The detailed protocol was described elsewhere. 6 In brief, 1.2 µl of primary probe/Invader oligonucleotide mixture (containing 0.5 µmol l -1 wild-type primary probe, 0.5 µmol l -1 mutant primary probe, 0.05 µmol l -1 Invader oligonucleotide and 10 mmol l -1 3-(N-morpholino)propanesulfonic acid (MOPS)) were added to each well of 384-well plates. Fluorescent resonance energy transfer/cleavase mixture (Third Wave Technologies, Madison, WI, USA) was added to the plates containing the probe/Invader oligonucleotide mixture. Next, 3 µl of 5-100 fmol l -1 synthetic target oligonucleotides (positive control), 10 µg ml -1 yeast tRNA (no target control) and denatured genomic DNA samples (0.15 ng µl -1 ) were added. A measure of 6 µl of mineral oil (Sigma, St Louis, MO, USA) was laid over all the reaction wells, which were then incubated at 63°C for 4 h. Incubation fluorescence was then measured using a CytoFluor 4000 fluorescent microplate reader (Thermo Fisher Scientific, Waltham, MA USA). Mutations commonly found in Japanese were then selected (GJB2 (12 mutations), SLC26A4 (19 mutations), COCH (one mutation), KCNQ4 (one mutation), MYO7A (one mutation), TECTA (two mutations), CRYM (two mutations), POU3F4 (one mutation), EYA1 (three mutations), mitochondrial 12 S ribosomal RNA, mitochondrial tRNA (Leu), mitochondrial tRNA (Ser) and mitochondrial tRNA (Lys)). All mutations are shown in Supplementary  Table 1 . After performing the Invader assay, Sanger sequencing for GJB2 or SLC26A4 containing the entire coding region was performed for heterozygous cases, in which one allelic mutation was found in the GJB2 or SLC26A4 gene.
Second-stage testing: the TaqMan genotyping assay
For cases in which no causative mutations were identified in the first-stage genetic testing, the TaqMan SNP genotyping assay was applied (Thermo Fisher Scientific). The detailed protocol was described elsewhere. 8 We selected probes for 55 known mutations in 6 deafness genes (SLC26A4 (15 mutations), CDH23 (22 mutations), KCNQ4 (one mutation), TMPRSS3 (5 mutations), OTOF (9 mutations) and MYO15A (3 mutations)). All mutations are shown in Supplementary Table 2 .
Third-stage testing: targeted exon sequencing using MPS For cases in which no causative mutations were identified in the first-and second-stage testing, targeted exon sequencing using MPS was applied.
Amplicon library preparation. Amplicon libraries were prepared using an Ion AmpliSeq Custom Panel (Thermo Fisher Scientific) for 63 genes reported to cause non-syndromic hearing loss according to the manufacturer's instructions. All mutations are shown in Supplementary Table 3 . The detailed protocol was described elsewhere. 9 After preparation, the amplicon libraries were diluted to 20 pM and equal amounts of six libraries for six patients were pooled for one sequence reaction.
Emulsion PCR and sequencing. Emulsion PCR and sequencing were performed according to the manufacturer's instructions. The detailed protocol was described elsewhere. 9 MPS was performed with an Ion Torrent Personal Genome Machine (PGM) system using an Ion PGM 200 Sequencing Kit and an Ion 318 Chip (Thermo Fisher Scientific).
Base call and data analysis. The sequence data were mapped against the human genome sequence (build GRCh37/hg19) with a Torrent Mapping 
Variant confirmation
Candidate mutations were confirmed by Sanger sequencing, and the responsible mutations were identified by segregation analysis using samples from among the patients' family members.
RESULTS

Diagnostic rate of genetic testing
As shown in Figure 2 and Table 1 , we performed genetic testing using the Invader assay for all 52 patients. Five patients were identified as having biallelic homozygous or compound heterozygous mutations in GJB2 (10%, 5/52). A further six patients were identified with heterozygous GJB2 or SLC26A4 mutations in one allele. We performed Sanger sequencing for the entire GJB2 or SLC26A4 gene in these six cases. On the basis of the results of the Sanger sequencing, four cases were diagnosed as having biallelic compound heterozygous mutations in GJB2 or SLC26A4, and the remaining two cases were diagnosed as heterozygous carriers of GJB2 or SLC26A4 mutations. Finally, seven patients were diagnosed with SNHL caused by GJB2 mutations. Two patients had SNHL caused by SLC26A4 mutations, as shown in Table 2 , with both cases showing bilateral enlargement of the vestibular aqueduct. The detection and diagnostic rates of the first-stage testing were 21% (11/52) and 17% (9/52), respectively. We next performed second-stage testing using the TaqMan genotyping assay for the 43 patients who could not be diagnosed by the first-stage testing. Three patients with AD inheritance were identified as having heterozygous KCNQ4 mutations. One case with AR inheritance was identified as having biallelic compound heterozygous mutations in CDH23. As shown in Table 3 , two cases were also found to be heterozygous carriers of CDH23 mutations. In addition, one patient was a heterozygous carrier of OTOF mutations. The detection and diagnostic rates of the second-stage testing were 16% (7/43) and 9% (4/43), respectively.
We performed third-stage testing with targeted exon sequencing using MPS for the 39 patients who could not be diagnosed by the first-and second-stage testing. Twenty-two variants of 11 genes, including 10 novel mutations, were identified in 16 cases (Table 3) . A combination of Sanger sequencing and family segregation analysis confirmed that six cases had biallelic causative homozygous or compound heterozygous mutations in the PTPRQ, LOXHD1, CDH23, MYO15A, USH2A and SLC26A4 genes, and two cases with AD inheritance had causative heterozygous mutations in the ACTG1 and WFS1 genes, respectively ( Figure 2 and Figure 2 Results of genetic testing. Five cases were diagnosed by the Invader assay. Four cases were diagnosed by the Invader assay and direct sequencing for GJB2 or SLC26A4. Four cases were diagnosed by second-stage testing using the TaqMan genotyping assay. Eight cases were diagnosed by targeted exon sequencing using the massively parallel DNA sequencing. *Massively parallel DNA sequencing.
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Abbreviations: AD, autosomal dominant, AR, autosomal recessive. The detection rates of the first-stage and second-stage testing were 21% (11/52) and 16% (7/43), respectively. Third-stage testing identified 22 variants in 11 genes among 16 cases (41%). (5) One novel missense mutation (ACTG1, c.994C4T, p.322S) was reported in which the amino acid was located near the adenine-binding site and is speculated to be important for protein function. 27 Further, this amino acid is conserved among vertebrates and invertebrates. 28 The case with compound heterozygous mutations in SLC26A4 also showed bilateral enlargement of the vestibular aqueduct. The detection and diagnostic rates of third-stage testing were 41% (16/39) and 21% (8/39), respectively.
Diagnostic rate and clinical presentation
As shown in Table 1 , the diagnostic rates of AD, AR and sporadic cases were 50% (6/12), 60% (3/5) and 34% (12/35), respectively. When classified by age of onset, our genetic testing resolved 43% (14/32), 31% (5/16) and 50% (2/4) of congenital, childhood-and adult-onset cases, respectively. The diagnostic rate divided by the degree of hearing level was 29% (6/21) and 48% (15/31) for mild-to-moderate and severe-to-profound SNHL, respectively. Our genetic testing resolved 45% (20/44) of the cases with symmetric SNHL, whereas there was only one case that was diagnosed with genetic SNHL among the cases with asymmetric SNHL (1/8).
As shown in Table 4 , the diagnostic rates of sporadic cases with congenital, childhood-and adult-onset SNHL were 42% (11/26), 13% (1/8) and 0% (0/1), respectively. Among sporadic cases with congenital SNHL, the diagnostic rate of cases with severe-to-profound SNHL rose to 48% (10/21). Among cases with mild-to-moderate with SNHL, 44% (4/9) of AD cases were diagnosed. In contrast, the diagnostic rates of AR and sporadic cases with mild-to-moderate SNHL were 0% (0/1) and 18% (2/11), respectively. DISCUSSION Yokohama, which abuts the western edge of Tokyo, is the capital of Kanagawa prefecture and the second largest city in Japan. The population of Kanagawa prefecture and Yokohama is~9 million and 3.7 million, respectively, and population turnover rates are high. Our two hospitals, coordinated by the Yokohama City University School of Medicine, are located in the center of Yokohama, and all enrolled cases came from the Yokohama area. The levels of consanguinity and population genetic bias are thought to be low. Also, this study was designed to minimize sampling and selection bias.
The diagnostic rates of the first-, second-and third-stage genetic testing were 17%, 9% and 21%, respectively (Table 1) . Genetic diagnosis was possible in 13 cases using the first-and second-stage testing (Figure 1 ). In the third stage, novel mutations were also identified in rare deafness genes such as PTPRQ or LOXHD1 (Table 2) , and we were able to diagnose eight cases with genetic SNHL (Figure 1) .
The Invader assay enables the screening for 13 common genes and 46 common single-nucleotide variants, small insertion or deletions. To increase the number of common pathogenic variants, we performed the TaqMan genotyping assay, which includes 55 mutations in six genes previously reported to cause deafness. With respect to the results of the screening of common deafness variants using the Invader assay and TaqMan typing assay, 25% (13/52) of cases could be diagnosed. Our results suggest that the majority of the cases can be identified by genetic testing with common variant screening. These results are consistent with those of our recent genetic epidemiological study 29, 30 .
Targeted exon sequencing using MPS is a method for the simultaneous sequencing of large numbers of known genes 31, 32 and has recently been applied to clinical diagnostic testing. Targeted exon sequencing using MPS has the greater advantage of making it possible to identify rare or novel variants in deafness genes. The common mutations included in the Invader assay panel and TaqMan probes would also be identified by targeted exon sequencing using MPS. However, until recently there have been a number of limitations; for example (1) mitochondrial DNA, which has many copies, is not suitable for MPS in terms of cost effectiveness and (2) particular variants, especially those located in the GC-rich region, could not be identified.
The Invader assay, for example, is an effective method for identifying mitochondrial mutations and their heteroplasmy rates. Therefore, the Invader assay is still used in combination with the MPS-based genetic testing, which began to be applied from August 2015 as a social health insurance-based screening method in Japan. Further, TaqMan genotyping is very effective in identifying particular mutations (for example, c.211delC in KCNQ4), which cannot be detected by MPS-based screening.
For a comprehensive screening system, it is therefore necessary to combine the Invader assay, TaqMan genotyping assay and targeted exon sequencing using MPS technology. The diagnostic rates of sporadic cases with mild-to-moderate SNHL or with childhood-and adult-onset SNHL were lower than those of other cases.
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As shown in Table 1 , the diagnostic rate of AD was 50% (6/12) and AR cases was 60% (3/5), whereas the diagnostic rate of sporadic cases fell to 34% (12/35) . However, as shown in Table 4 , the diagnostic rate of sporadic cases with congenital and severe-to-profound SNHL was 48% (10/21). Family history is important for genetic diagnosis. In most developed countries, many AR cases are recognized as sporadic cases as the size of the family is falling due to the low birth rate. Genetic testing is valuable, even for sporadic cases, when congenital and severe SNHL is suspected.
The diagnostic rates of sporadic cases with mild-to-moderate SNHL or with childhood-and adult-onset SNHL were lower than those of other cases (Table 4 ). The diagnostic rate of non-dominant cases with mild-to-moderate SNHL was previously reported to be lower than the diagnostic rate of non-dominant cases with severe-to-profound SNHL. 33 One possible reason for this is that we did not analyze copy number variations, which is a common cause of mild-to-moderate SNHL. 31, 34 Late-onset SNHL and asymmetric SNHL are attributable to environmental or multiple genetic effects rather than to single genetic effects. 35 We identified a variant case that had compound heterozygous mutations in SLC26A4 among eight cases with asymmetric SNHL. The average difference in hearing threshold between ears was 13 dB, and laterality was only detected at low frequencies. Computed tomography images revealed enlargement of the vestibular aqueduct in both inner ears. Shearer et al. also reported the diagnostic rate for cases with asymmetric SNHL to be 0%. 31 It is difficult to recommend genetic testing for sporadic cases with childhood-or adult-onset SNHL or for cases with asymmetric SNHL. However, we will consider applying genetic testing in accordance with the clinical details of each individual.
In conclusion, we identified the genetic cause of SNHL in 40% (21/52) of cases using the unified three-stage genetic testing. The combined approach involving the screening of known mutations commonly found in the Japanese population with the Invader and TaqMan genotyping assays, and targeted exon sequencing using MPS appears to be a useful diagnostic tool, and there appear to be significant benefits to the incorporation of these technologies as part of a routine diagnostic program.
